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Abstract 14 
This paper reports the effect of employing Ni & Sb oxide precursors (instead of chlorides) in the 15 
preparation of Ni/Sb-SnO2 anodes on the activity and selectivity of ozone production in 1.0M 16 
HClO4.  The effect of catalyst loading, Ni content in the precursor solution, furnace temperature and 17 
constant current density vs constant cell voltage operation is reported.  The optimum composition 18 
was found to be Sn: Sb: Ni = 100: 6: 1, giving a maximum current efficiency of ca. 38% at a current 19 
density of 100 mA cm-2, the latter higher than previously reported.  The durability of anodes 20 
prepared using NiO and Sb2O3 at 550 °C during electrolysis at 100 mA cm-2 in 1M HClO4 was 21 
found to be 200 hours, again significantly higher than Ni/Sb-SnO2 anodes prepared using the 22 
chloride precursors at lower temperatures. 23 
  24 
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1. Introduction 27 
Electrochemical ozone production (EOP) was investigated by Schönbein in the early 1800’s 1. Since 28 
then and up to 1982, Pt and PbO2 were the only anode materials that had been investigated (2 and 29 
references therein).  Due to the poor ozone current efficiencies observed near room temperature,
 
Pt 30 
ceased to be of interest after 1982, (with one exception, see 3), whilst β-PbO2 continues to be 31 
researched with respect to EOP (see, for example, 4, 5). In recent years, a number of alternative 32 
materials have been reported as being active anodes for EOP 1 including: TiO2 6-8, glassy carbon 9, 33 
IrO2-Nb2O5 10, 11, tantalum oxide 12, 13, and more recently Ni/Sb-SnO2 14-16 and Boron Doped 34 
Diamond (BDD) 17-21. 35 
 36 
To date, only two electrode materials have proven capable of generating ozone with efficiencies > 37 
20% at room temperature and using solutions that do not contain expensive fluorine-containing 38 
anions: Boron Doped Diamond (BDD) 17-21 and Ni/Sb-SnO2 14-16, 22-27.  In general, BDD anodes are 39 
employed primarily for the oxidation of species in solution 28, via the production of OH radicals 29, 40 
30
, and have only shown high activity and selectivity towards the electrochemical generation of 41 
ozone in water containing no added electrolyte.  It is not clear that ozone is expected to be a major 42 
product at such anodes 20. 43 
The first report  concerning the generation of ozone using Ni/Sb-SnO2 was by Wang et al. in 2005 44 
14; using a UV Vis cuvette as the electrochemical cell and a catalyst-coated 8 mm x 8 mm Ti foil 45 
anode in aqueous acid electrolyte, the authors reported current efficiencies as high as 36% at fairly 46 
low current densities (< 20 mA cm-2).  In 2009, Christensen and co-workers 15 reported current 47 
efficiencies of up to 50% in acid solution using 6.3 cm2 Ni/Sb-SnO2-coated Ti mesh (ca. 50% open 48 
area)  at current densities of 30 – 40 mA cm-2 (geometric area).  More recently, Parsa and Abbasi 25 49 
reported a maximum ozone current efficiency of 53.7% using 6.3 cm2 Ni/Sb-SnO2 Ti mesh anodes 50 
in acid solution, no current density data were provided.  However, the cell employed was an open 51 
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beaker, and no experimental details were given as to precisely how the ozone measurements were 52 
made.  Further, on the basis of the data presented in the paper, the extinction coefficient employed 53 
by the authors for the absorption of ozone at 258 nm was 4700 M-1 cm-1, significantly higher than 54 
the values typically employed in the literature of 3100 ± 200 M-1 cm-1  17, 19, 31-36 and that 55 
recommended by the International Ozone Association of 3000 M-1 cm-1 31. Parsa and Abbasi appear 56 
to have employed the erroneous value of the extinction coefficient used by Wang et al 14; this group 57 
later employed a value of 2900 M-1 cm-1 37.  In addition to the incorrect extinction coefficient, the 58 
ozone absorption peaks observed by Parsa and Abbasi deviated from Gaussian shape at higher 59 
ozone concentrations 25.  Finally, the maximum of 53.7% current efficiency was seen only as a 60 
single data point, with the efficiencies tending toward steady state values < 20%.  Hence, the claim 61 
by the authors of such a high efficiency is somewhat suspect.  62 
 63 
Ozone current efficiency is generally observed to increase with current density when using non-64 
Ni/Sb-SnO2 anodes (e.g. PbO2, Pt etc) 2, 9, 17-19, 38-40, at least up to a point, after which it either 65 
remains constant or decreases (most studies on the electrochemical generation of ozone employ 66 
constant current rather than constant potential or cell voltage); hence it does not seem unreasonable 67 
to postulate that the resistivity of the catalyst layer is likely to be an important factor in ozone 68 
activity.  Undoped SnO2 should be an insulator, and hence its resistivity of ca. 7.25 x 10-3 Ω cm is 69 
taken as evidence for a defect structure incorporating eg. O vacancies or adventitious donors 41. 70 
SnO2 anodes are usually doped with Sb to improve the conductivity of the electrodes (resistivities 71 
ca. 10-5 - 10-4 Ω cm 41, 42), with the Sb (as Sb5+  43) replacing Sn4+ due to their similar ionic radii 42 72 
and hence no change occurs in lattice parameters 44.  Resistivity initially falls with Sb doping, but 73 
then  increases at higher dopant levels due to the incorporation of Sb(III) centres 45, 46 which act as 74 
trap sites for the electrons generated by Sb(V) 42.    There is some disagreement as to where the 75 
minimum resistivity occurs in Sb-doped SnO2 anodes, e.g.: Kötz and co-workers 43 report this as 76 
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being between 4 and 9 mol.% Sb, whereas Lehmann & Widmer 47 and Chopra et al 48 suggest 0.4 – 77 
3 mol.% Sb. 78 
 79 
The original work on Ni/Sb-SnO2 by Chan and co-workers 14 employed Sn, Sb and Ni precursors in 80 
the dipcoating solution at a mole ratio of 500:8:1; the actual composition of the as-made anodes has 81 
proved extremely difficult to determine due to the very small amount of Ni present 14, and remains a 82 
challenge 27.  Chan and co-workers employed ICPMS to study the composition of their anodes 14; 83 
they found that, whilst Ni could not be detected, the ratio of Sn to Sb in the catalyst layer was 7:1, 84 
suggesting significant surface enrichment by Sb. Rumyantseva and co-workers 49 have also reported 85 
that the actual concentration of Ni in Ni-doped SnO2 (i.e. without Sb) can deviate from that 86 
expected on the basis of the concentrations of Ni and Sn in the coating solution.  However, Kotz et 87 
al. 43 using spray pyrolysis observed a 1:1 correlation between Sb in the coating solution and that in 88 
the catalyst film.  In our studies, it has not proved possible to obtain reliable data using EDX, and 89 
hence we have employed XPS1 and ToFSIMS2 to try and detect and quantify the Ni content in our 90 
anodes.  Again, it did not prove possible to detect Ni using XPS and, whilst ToFSIMS did detect the 91 
presence of Ni, the nature of the technique precluded its quantification.    Thus, in the text below, 92 
reference is made only to the Ni, Sb and Sn compositions of the precursor solutions employed to 93 
produce the anodes. 94 
 95 
                                                 
1
 XPS was performed using Kratos AXIS ULTRA instrument in the Centre for Surface Chemical Analysis in 
Nottingham University. 
2
 ToFSIMS was performed using ToF-SIMS version IV, ION-ToF GmbH, in the Laboratory of Biophysics and Surface 
Analysis, School of Pharmacy, Nottingham University. 
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The fact that the addition of very small amounts of Ni to Sb-doped SnO2 changes the material from 96 
essentially inactive with respect to electrochemical ozone generation, to an active and highly 97 
selective ozone anode is remarkable and could not have been predicted.  However, the mechanism 98 
by which O3 evolution takes place at Ni/Sb-SnO2 anodes remains obscure, not least as a result of the 99 
lack of quantitative analytical data on the Ni content.  In one of the first papers by Wang et al. 14, 100 
the authors make some general observations on the possible effect of Ni upon the physical 101 
characteristics of SnO2.  In a later paper 50, Wang et al. present XPS data on Ni/Sb-SnO2 anodes and 102 
state that a peak at 855.6 eV was due to the Ni2p3/2 transition and that all the Ni in the film was in 103 
the +3 oxidation state, but the authors did not postulate a mechanism.  However, in the XPS 104 
spectrum referred to, no feature is visible at the specified energy.  Further, Yang and co-workers 51 105 
report XPS data on Ni/Sb-SnO2 anodes in which a band at 856.3 eV is evident and from which the 106 
authors conclude that all the Ni present is in the +2 state (NiO and/or Ni(OH)2.  Parsa and Abbasi 25 107 
also postulate the presence of Ni(III) in their Ni/Sb-SnO2 anodes, albeit without any experimental 108 
evidence, and they postulate a mechanism in which the Ni(III) facilitates the adsorption of 109 
molecular oxygen; water is then oxidised to OH radicals at neighbouring Sb(V) sites and these react 110 
with the adjacent adsorbed O2 to give HO3 radicals which are rapidly oxidised to O3.  Until 111 
definitive and quantitative analytical evidence on the composition of Ni/Sb-SnO2 anodes to allow 112 
structure/activity correlations to be made, attempts to understand the mechanism of ozone 113 
generation at these materials will remain speculative. 114 
 115 
Although there is a number of reports in the literature on the durability (or service life) of Ti/Sb – 116 
SnO2 anodes 46, 52-56, there is a lack of detailed studies on the durability of Ni-doped Sb – SnO2 117 
anodes.  In the absence of Ni, the service life of  Ti/Sb – SnO2 anodes is defined as the electrolysis 118 
time at which the anode potential increases rapidly to more than 5 V vs. the reference electrode 119 
under the operational conditions employed 27, 46. Correa-Lozano et al. found that the service life of 120 
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Ti/Sb – SnO2 anodes was only 12 h at 1000 A m-2 46, but could be increased to 1150 h by reducing 121 
the current density to 60-200 A m-2 52.  A number of papers report attempts to improve the durability 122 
of these anodes, for example: Vicent et al. 53 studied the addition of Pt to improve the service life of 123 
Ti/Sb – SnO2 anodes at 40 mA cm-2 in 0.5 M K2SO4, and showed that a service life of 760 h could 124 
be obtained.  Montilla et al 54-56 also found that the addition of trace amounts of Pt to the coating 125 
solution improved the service life of Ti/Sb – SnO2 anodes from 300 h at 10 mA cm-2 in 0.5 M 126 
Na2SO4 solution buffered at pH = 6.9 to 990 h at 50 mA cm-2.   XPS data, taken together with the 127 
results of electrochemical experiments, were interpreted by Montilla and co-workers as strong 128 
evidence for the deactivation of Sb-SnO2 via the formation of a passivating OH-containing layer at 129 
the SnO2/electrolyte interface.  Pt was postulated as preventing this, and hence significantly 130 
extending the service life; with added Pt, deactivation was postulated as occurring through long 131 
term attack on the Ti substrate and the formation of a passivating layer at the Ti/catalyst interface, 132 
possibly TiO2.   133 
 134 
To our knowledge, the only literature reports on the durability of Ni/Sb-SnO2 anodes  are by 135 
Shekarchizade and Amini 27, who reported a service life of about 600 min for the best anodes at 200 136 
mA cm-2 in 0.1 M H2SO4, and Parsa et al. 26 who added carbon nanotubes to the coating solution 137 
and achieved up to 17 hours (compared to 3 h without the nanotubes 25) during which the voltage 138 
increased up to 3.49 V at 53.5 mA cm-2 in 0.1 M HClO4.  139 
 140 
It is interesting that small changes in the composition of the precursor solution (such as adding 141 
carbon nanotubes) can have such a marked effect upon durability.  Rather than explore the effect of 142 
additives, given that all the work reported on Ni/Sb-SnO2 to date has been carried out using anodes 143 
prepared from chloride precursors and furnace temperatures ≤ 520 OC 14-16, 22-27, 37, 50 it does not 144 
seem unreasonable to explore the effect of: (i) changing the Ni and Sb precursors from chlorides to 145 
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oxides (given that SnO2 is commonly doped with Sb using Sb2O3 57, 58) and (ii) furnace temperature.  146 
The activity and selectivity of the anodes so produced were characterised in terms of: catalyst 147 
loading, Ni content in the precursor solution, furnace temperature and constant current/voltage 148 
operation.  In addition, the durability of the anodes was investigated by electrolysis in 1M HClO4.   149 
Further, it is clear that the development of Ni/Sb-SnO2 anodes is still at a somewhat early stage, 150 
with some fundamental questions remaining unanswered; specifically, how durable can these 151 
materials be and what magnitude of current density can they sustain?  This paper seeks to address 152 
these questions. 153 
  154 
2. Experimental 155 
 156 
2.1 Anode preparation and electrolytes 157 
The catalysts were prepared according to a methodology similar to that reported previously 15 158 
except that the Ni and Sb chlorides employed as precursors were replaced by oxides.  Thus, 2.5 cm 159 
x 2.5 Ti mesh substrates were pre-treated by boiling in 10% oxalic acid for 30, then cooled down to 160 
room temperature and sonicated in Millipore water for 30 min. The Ti mesh substrate then dip-161 
coated from ethanolic solutions of SnCl4.5H2O (Puriss min 98%, Riedel-de Haën), Sb2O3 (A.C.S. 162 
reagent 99.9 +%, Aldrich) and NiO (A.C.S. reagent 99.8 %, Aldrich). SnCl4.5H2O was dissolved in 163 
pure ethanol (ACS, > 99.5%, Sigma-Aldrich); Sb2O3 and NiO were first dissolved in 2.5 cm-3 of 164 
HCl (Puriss min 37%, Riedel-de Haën) and then added to the ethanolic SnCl4 solution. The 165 
concentrations of Sn and Sb in the coating solutions were 91.40 – 93.80 at.% and  5.87 to 6.02 at.%, 166 
respectively; the Ni concentration was varied between 0.14 and 2.73 at.% corresponding to Sb:Ni 167 
mole ratios between 2.2:1 and 43.0:1. The meshes were dipped in the coating solution for 1 – 2 min, 168 
dried in oven at 100 ºC for 15 min and then calcined in furnace for further 15 min. The coating 169 
cycle (dipcoating, drying and calcining) was repeated 20 times 15, 56).  After the 20th coating cycle, 170 
the anodes were calcined for 75 min. The furnace temperature was 550 ºC unless otherwise stated.  171 
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Note that an interlayer 15 was not employed, for reasons that will be covered in a subsequent paper. 172 
HClO4 (Puriss, Fluka) and ethanol as well as all other chemicals were used as received without 173 
further purification.  SEM and EDX analyses were carried out using a JEOL 5300LV SEM at 25 kV. 174 
In the text below, all references to the content of Ni and Sb refer to the composition of the precursor 175 
solutions. 176 
 177 
2.2 Electrochemical cell and systems 178 
Millipore Milli-Q water (18 MΩ cm) was used to prepare all solutions. The single pass (flow) 179 
system employed in the work reported in this paper is shown in fig. 1; the electrochemical cell 15 180 
comprised two pyrex glass halves of oval section having ground glass flanges. The sections were 181 
clamped together on either side of a Nafion 117 membrane, sealing being achieved by means of 182 
silicone O-rings between the ground glass flanges and membrane. The volume of each half of the 183 
cell was ca. 100 cm3. 1.0 M HClO4 was employed as the anolyte and catholyte, which were kept 184 
separate by the membrane; both electrolyte and catholyte were supplied from a glass reservoir via 185 
polyethylene tubing (Portex 800/012/425/800 7.0 mm x 10.5 mm), with the catholyte static. The 186 
counter electrode (cathode) was a 5 cm × 5 cm platinised Ti mesh (at which hydrogen evolution 187 
occurred), and the cell voltage across the ozone anode and Pt/Ti cathode was controlled by a TTi 188 
TSX 1820P programmable DC PSU. All experiments were conducted at room temperature, 20 – 25 189 
ºC.  190 
 191 
The anolyte was pumped from the cell to a pyrex glass gas separator via PE tubing using a 192 
Masterflex Digital Standard Cartridge Pump (Cole-Palmer), flow rate 30 cm3 min-1 unless otherwise 193 
stated.  Any ozone not released from the anolyte was pumped through a 1 cm pathlength UV-Vis 194 
cell (Astranet).  Nitrogen gas from a cryogenic boil-off was employed to dilute the gas exiting from 195 
the separator at a carefully-controlled rate (typically 80 cm3 min-1) using a Cole-Palmer WU series 196 
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flowmeter system and the gas phase ozone concentration monitored using a second 1 cm pathlength 197 
UV-Vis cell (Astranet). The gas-phase ozone then exhausted into a fume hood. 198 
 199 
2.3 Durability studies 200 
To assess the durability of the new catalyst formulation, anodes were electrolysed in a 250 cm3 201 
beaker at 100 mA cm-2 in 1M HClO4 using a 5 cm x 5 cm Pt/Ti mesh as counter electrode.  The cell 202 
voltage was monitored throughout the electrolyses.  At intervals, the activity and selectivity of the 203 
anodes towards EOP were assessed in the glass cell in single pass mode at 100 mA cm-2 in 1M 204 
HClO4; the total current efficiency was calculated from the gas and solution ozone absorbances at 205 
steady state (each experiment was run for ca. 15 – 20 minutes). 206 
 207 
2.4 The calculation of current efficiency  208 
For a given flow rate ƒ (cm3 min-1) of fluid having ozone present at a concentration c and giving an 209 
absorbance A, the moles min-1 of ozone passing the UV Vis flow cell, (dn/dt)measured, is: 210 
(dn/dt)measured = Aƒ/1000.εcl           (1) 211 
where l is the pathlength  =  1 cm and ε is the molar decadic extinction coefficient of ozone = 3000 212 
mol-1 dm3 cm-1 31.  Assuming a 6-electron process for ozone 39: 213 
3H2O → 6H+ + 6e- + O3     E0 = 1.51V vs NHE      (2) 214 
 dn/dt (in mol min-1) assuming 100% current efficiency is: 215 
(dn/dt)100% = I.60/6F          (3) 216 
where I is the current in Amps and F the Faraday, 96480 C mol-1.  Hence, the current efficiency Φ 217 
in % is given by: 218 
Φ = 100%.(Aƒ6F/1000.εcl.60.I)  =   0.32 Aƒ/I    /%       (4) 219 
and is that percentage of the total current generating ozone. 220 
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3. Results and Discussion 221 
 222 
3.1 EDX and SEM 223 
Typical SEM images of the electrodes prepared using the precursor solution containing 93.3, 6.0 224 
and 0.7 at.% Sn, Sb and Ni (respectively) are shown in figs. 2(a) and (b): fig.2(a) shows an image 225 
taken of an intersection of two strands of the mesh, and fig. 2(b) of an area on a strand, both at     226 
x5000 magnification.   It was generally observed that the coating on intersections exhibited a 227 
cracked morphology; an observation made by other workers 25-27 and generally attributed to thermal 228 
shock during the sudden cooling caused by withdrawing the anodes from the furnace 56, whilst the 229 
coating on strands presented a smoother appearance, suggesting a thicker coating on the 230 
intersections.  The latter postulate is supported by EDX spectra of the same regions of the mesh, see 231 
figs. 2(c) & (d) and the peak assignments in table 1.  The peak near 4.52 eV in fig. 2(d) may be 232 
attributed to the underlying Ti substrate, detected due to the thinner catalyst coating on the strands.  233 
 234 
3.2 Activity and selectivity vs catalyst loading 235 
Figure 3(a) shows a plot of catalyst loading vs number of dipcoats; these anodes were made to 236 
explore the effect of catalyst layer thickness on activity etc; each data point is the average of two 237 
anodes prepared in an identical fashion.  The at.% ratio of Sn:Sb:Ni was 93.3:6.0:0.7 in the 238 
dipcoating solution.  There is a fairly linear relationship between the number of coating cycles and 239 
the amount of catalyst deposited.    Figure 3(b) shows (i) the corresponding current densities 240 
(measured in single pass mode) and (ii) the total (gas + solution) current efficiencies.   241 
 242 
Figure 3(b) shows that, up to a catalyst loading of 1.0 mg cm-2, current density and current 243 
efficiency increase, suggesting that there is an increase in the number of ozone and oxygen active 244 
sites, and that the ratio of the former to the latter also increases, ie. a greater proportion of the sites 245 
are active for ozone as the loading increases.  This, in turn, suggests that the catalyst is porous such 246 
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that the active sites are not confined to the ‘geometric’ surface of the anode, and that there is, 247 
perhaps, some surface enrichment by Ni, favouring ozone formation over oxygen evolution, as was 248 
observed in our previous studies 16. Figure 3(b) also shows that, after  8 dipcoats, (corresponding to 249 
1.0 mg cm-2), the ozone current efficiency remained constant, but the current density continued to 250 
increase with catalyst loading, albeit more slowly in agreement with the work of Wang at al. 14 and 251 
in contrast to Parsa et al. 25 who found that the ozone current efficiency increased with increasing 252 
catalyst loading, although they prepared only 3 electrodes (according to optimum composition of 253 
Wang et al. 14) with 4, 8 and 12 coating cycles without stating the catalyst loading on the mesh.   254 
Thus, above this critical loading, the number of O2 and O3 active sites continues to increase, but the 255 
ratio of the two now remains constant. 256 
 257 
3.3 Comparison of constant current vs constant voltage operation 258 
Figures 4(a) and (b) show the effect of current density and cell voltage on current efficiency 259 
(solution, gas and total) at constant catalyst loading; also shown in the figures are the cell voltages 260 
observed at each current density or the current density observed at each cell voltage.  The anode had 261 
the composition Sn: Sb: Ni = 93.3 at.%: 6.0 at.%: 0.7 at.%, and comprised 10 coats (loading 1.4 mg 262 
cm-2).     There are clearly very marked differences in terms of the current efficiencies observed 263 
during the two sets of experiments.  It should be noted that each data point in figs. 4(a) and (b) 264 
represents a steady state measurement after  ≥ 15 minutes at that particular cell voltage or current 265 
density.  To our knowledge, Parsa et al. 26 were the only research group to have studied the effects 266 
of constant current density on the ozone current efficiency using co-doped Ni/Sb – SnO2 (with and 267 
without carbon nano-tube anodes), and found that the current efficiency increased up to ca. 25 mA 268 
cm-2, after which it declined sharply.  In a separate paper, Parsa et al. 25 reported that ozone current 269 
efficiency also exhibited a maximum as a function of cell voltage, an observation supported by 270 
Wang et al. 14 and in contrast to our data. 271 
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Figure 4(c) compares the total current efficiencies observed as a function of current density and cell 272 
voltage (both plotted against current density imposed or observed, respectively) and the power 273 
consumption.  From fig. 4(c) it can be seen that, under both constant voltage and constant current 274 
density operation, the total current efficiency rises to a maximum with increasing current density, 275 
then remains essentially constant.  This transition happens near ca. 10 mA cm-2 at constant voltage 276 
and ca. 60 mA cm-2 at constant current density.  Moreover, the maximum current efficiency 277 
observed is higher at constant voltage.   In general, PbO2 anodes also show increasing current 278 
efficiency up to some limiting current density (typically 1A cm-2, but this value depends upon the 279 
electrolyte 2), before levelling out and becoming independent of current density 2, 5, 38, 59-61.  There 280 
are exceptions, however; for example, Onda and co-workers 62 and Awad and Saleh 4 who observed 281 
ozone current efficiency passing through a maximum with increasing current density.  Boron doped 282 
diamond (BDD) electrodes also show current efficiency both becoming independent of current 283 
density 18 and passing through a clear maximum 19.  In contrast to PbO2, BDD and the anodes 284 
prepared in Newcastle, TiO2 6, 7, Pt 63, C 9 and TaOx 12, 13 show increasing current efficiency with 285 
current density; however, this may be due to insufficient current density being applied and hence 286 
the transition in behaviour not being attained. IrO2-Nb2O5 shows an onset current density for ozone 287 
evolution that varies with IrO2 content 10 .      288 
 289 
It is not immediately clear why constant voltage should yield higher current efficiencies.  290 
As can be seen from fig. 4(c), the variation in power consumption observed is identical for the two 291 
sets of data, reflecting the fact that the same electrochemical cell and system were employed and 292 
that there is a 1:1 correlation between imposed current density and the cell voltage observed on the 293 
one hand, and imposed cell voltage and the current density observed on the other.   The data in fig. 294 
4(c) suggest that local heating effects are not observed.  Early workers in electrochemical ozone 295 
generation (see 2 for an excellent review of the early work) took significant care to cool their anodes 296 
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to avoid heating as it was shown that current efficiency generally increased as temperature was 297 
decreased 64 and references therein, 9, 63, 65, with temperatures down to -60 ºC being found to be 298 
particularly effective 9, 65.  Lash and co-workers 65 showed that high current densities resulted in 299 
local heating of the anode which obscured the actual effect of such current densities on current 300 
efficiency; the authors were able to deconvolute the effect of local heating by careful cooling of the 301 
anode.  However, all the above workers employed significantly higher current densities than those 302 
reported in this paper. 303 
 304 
3.4 Optimisation of the Ni concentration 305 
Figure 5(a) shows the effect of Ni concentration in the dipcoating solution on the current density 306 
and current efficiency.  Each anode comprised 8 dipcoats with mean loadings of 0.94 ± 0.10 mg cm-307 
2
, and each datapoint was the average of two 15 – 20 minute experiments with the ozone efficiency 308 
measured at steady state. 309 
 310 
As may be seen from the figure, the current density remains essentially constant as the 311 
concentration of Ni is increased in the catalyst to ca. 1.04 at.%; however, there is a 45% increase in 312 
current efficiency over this range, ie. from 20 to 29%.  This suggests relatively little change in the 313 
total number of active sites but a very marked increase in the ratio of O3 to O2 sites, in line with the 314 
postulated key role of Ni in the O3 active site.  At higher concentrations, the current efficiency 315 
appears to remain constant, or decrease slightly, whereas the current density shows a sharp decline. 316 
The data in fig. 5(a) are in broad agreement with the work of Shekarchizade and Amini 27 and Wang 317 
et al. 50; the former found that ozone current efficiency increases with increasing Ni in the coating 318 
solution up to an optimum, although they observed the optimum Ni concentration to be ca. 0.2 at.% 319 
(and an optimum Sb concentration of ca. 2 at.%).  Wang et al. observed an optimimum efficiency at 320 
a concentration of 0.71 at.% Ni in the coating solution. 321 
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Interpreting the data in fig. 5(a) poses a challenge as, as well as the uncertainty regarding the actual 322 
content of Ni in the catalyst films, whilst there is a wealth of literature on the physicochemical 323 
characteristics of Ni-doped SnO2 due to potential application in varistors 66 and solid state gas 324 
sensors 49, 67, apart from the brief treatment in Shekarchizade and Amini 27 there is no such data in 325 
the literature to our knowledge on Ni and Sb-doped SnO2.  Thus, it does not seem unreasonable to 326 
use the literature on Ni doped SnO2 as a starting point; on this basis, the significant increase in 327 
current efficiency up to 1.04 at.% may simply reflect the replacement of the Sn by Ni (due to their 328 
similar size, ie. 0.072 nm and 0.071 nm, respectively 49, 66, 67) throughout the catalyst, and hence the 329 
increase in active ozone sites at the electrode/electrolyte interface.  The constant current density is 330 
due to the fact that the minimum in resistivity for Sb-doped SnO2 is fairly broad 48. 331 
 332 
From the Ni-doped SnO2 literature, it is clear that the physicochemical properties of SnO2 undergo 333 
major changes around 1 at.% Ni 49, 66, 67.  In particular, Aragón and co-workers 67 employed Raman 334 
spectroscopy and have shown that, at Ni ≤ 1 mol.%, the Ni primarily forms a solid solution with 335 
SnO2 with some segregation to the surface, but at  ≥ 2%, the latter process dominates.  It does not 336 
seem unreasonable to postulate that the decrease in current density at Ni > 1.04 at.% is due to the 337 
resistivity rising with increasing Ni (moving out of the minimum resistivity due to the increased 338 
doping by Ni on top of the effect of the fixed Sb doping) and to an excessive surface concentration 339 
of Ni.  Figure 5(b) shows current/voltage plots for the anodes with 0.35, 1.04 and 1.72 at.% Ni: it 340 
can be seen from the figure that, whilst the plots for 0.35 and 1.04 at.% Ni are similar, with the 341 
latter giving a slightly higher current at 2.7V, the plot for 1.72 at.% Ni is significantly more 342 
resistive as well as giving lower current, in agreement with the discussion above.  In contrast, 343 
Shekarchizade and Amini 27 and Wang et al 50 both report that the resistance of Ni/Sb-SnO2 anodes 344 
increases with increasing content (rather than passing through a maximum) and attribute the decline 345 
in efficiency after the maximum to this increase. 346 
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3.5 The effect of furnace temperature   347 
Figure 6(a) shows plots of catalyst loading vs furnace temperature for Ni/Sb-SnO2 films having (i) 348 
0.7 at.% and (ii) 1.4 at.% Ni, 8 coats.  Each datapoint is the average of the masses of three anodes 349 
prepared in an identical manner; the ranges of the loading values are shown on the plot.   As may be 350 
seen, the furnace temperature seemed to affect the loading of catalysts in a way that depended very 351 
little upon the concentration of Ni.  Figure 6(b) shows the current density data for the experiments 352 
on the anodes shown in fig. 6(a); whilst there is little variation with furnace temperature for the 353 
anodes with 1.4 at.%, the anodes with 0.7 at.% show a clear maximum in current density at 460 ºC.  354 
This maximum is reflected in the plot of total current efficiency vs furnace temperature in fig. 6(c) 355 
which also shows a clear maximum at 460 ºC.  All the anodes had loadings above the ca. 1.0 mg 356 
cm-2 threshold for constant current efficiency; furthermore, the catalyst loadings of the anodes 357 
decreased as furnace temperature increased.  This supports the postulate that current density is an 358 
important parameter in determining current efficiency.  However, the anodes with 1.4 at.% also 359 
show a clear maximum in current efficiency, without this being mirrored in the plot of current 360 
density, or that showing the variation in catalyst loading; in addition, the current efficiency remains 361 
constant in fig. 5(a) at higher Ni content whilst the current density decreases sharply.  Hence current 362 
density cannot be the only factor governing current efficiency. This in agreement with Rufino et al. 363 
68
 and Da Silva et al. 69 who reported that ozone current efficiency is affected by temperature, real 364 
current density (i.e taking into account electrochemically active surface area), electrode and 365 
electrolyte composition. 366 
 367 
3.6 Durability 368 
The anodes prepared at 460 ºC clearly show higher current efficiencies than those prepared at 550 369 
ºC, albeit comparable current densities.  The question then arises as to whether furnace temperature 370 
affects durability and, if so, in what way?     Figure 7 shows the results of a durability study carried 371 
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out as described in section 2.3 on anodes prepared from the same dipcoating solution (containing Ni 372 
and Sb oxides as precursors, and at 550 °C) in an identical manner.  The anode failed after ca. 200 373 
hours electrolysis in 1M HClO4 at 100 mA cm-2.  A second anode prepared in an identical manner 374 
to that in fig. 7 also failed after 200 hours electrolysis.   Anodes prepared at 390 ºC and 460 ºC 375 
failed within ca. 40 hours; this  may be related to the fact that the crystallinity of  SnO2 increases 376 
with furnace temperature from 450 °C to 550 °C 46. Nevertheless, even the latter lifetime was a 377 
significant improvement on the durability of the anodes prepared using all-chloride precursors, as 378 
well as on the lifetime of anodes reported in the literature.  Thus, Shekarchizade and Amini 27 379 
prepared their anodes at 520 °C and have shown that the Ni and Sb concentrations in the coating 380 
solution are key factors affecting the service life of the anodes; however, the highest service life the 381 
authors observed was ca. 600 min at a Sb concentration of ca. 12 % and Ni concentration of ca. 382 
0.2 %, but the authors reported that this composition did not give the highest current efficiency.  383 
The authors reported that anodes having the optimum composition with respect to current efficiency 384 
(2% Sb and 0.2% Ni) showed a service life of only 300 min. The very significant difference 385 
between the service life of the anodes discussed in this paper and those studied by Shekarchizade 386 
and Amini is most likely related to the use of Sb2O3 and NiO instead of the chloride salts and 387 
possibly the slightly higher furnace temperature, and this is under further investigation. 388 
 389 
Again, of necessity, using the literature on Sb-SnO2 anodes, the deactivation of Ni/Sb-SnO2 390 
electrodes could be due, in broad terms, to one or all of the following processes: (1) physical loss of 391 
catalyst due (i) spallation (stress cracking from formation of TiO2 under the coating 46 and/or (ii) 392 
corrosion (etching away of the surface as observed by Foller and Tobias 64); (2) formation of a 393 
‘passivating’ layer at the catalyst/electrolyte interface 43, 54-56.   The dissolution of Ni from Ni(II)O 394 
could be a very real problem 70.  However, according to Pourbaix 71 and the potentials of the various Ni 395 
species 70-72 (note: reference 70 gives the Ni(III) species as Ni(OH)3; this is more likely to be NiOOH73) 396 
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at pH 0 (the typical pH of the experiments reported in this paper) and at a cell voltage of 2.7 V vs the 397 
counter electrode (which evolves H2), Ni would be expected to be in the form of the stable Ni(III) 398 
species which (as was discussed above) may also be the active site for ozone evolution. 399 
 400 
At the end of the durability experiment shown in fig. 7 (and the repeat with the second anode) powder 401 
was noted in the bottom of the beakers; SEM images of these powders suggested that they were catalyst 402 
that had spalled off the Ti mesh, see fig. 8.  The loss of catalyst was supported by EDX spectra of the 403 
meshes which showed only Ti present.   This suggests that failure was due to relatively rapid, complete 404 
spalling of the catalyst, either due to stress or to the oxidation of the underlying Ti to TiO2. 405 
 406 
4. Conclusions 407 
The use of a slightly higher furnace temperature and/or Ni and Sb oxides as precursors (instead of 408 
chlorides) significantly increases both the current density that Ni/Sb-SnO2 anodes are able to sustain 409 
and their durability.  The former is more than doubled (the highest current densities yet reported), 410 
and durability increased from a few tens of hours to 200 hours (also the highest reported).  Whilst 411 
the maximum current efficiency of ca. 38% is not as high as the 50% observed using anodes made 412 
from chloride precursors, the ca. 25 – 30% routinely observed is comparable. 413 
 414 
The dipcoating procedure results in thicker catalyst layers at the intersection of strands of mesh than 415 
on the strands themselves and the morphologies of the layers at these positions are different.  416 
Overall, catalyst loading increases linearly with the number of dipcoating cycles, forming a porous 417 
layer, with the active, Ni-containing sites not confined to a two-dimensional surface up to ca. 1 mg 418 
cm-2.   419 
 420 
Nickel is essential for the generation of ozone, but excessive amounts reduce both current efficiency 421 
and current density, the latter due to increased resistance; the optimum appears to be 1.04 at.% Ni.   422 
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 423 
Furnace temperature has a marked effect upon current efficiency, with a temperature of 460 °C 424 
being optimum; however, this (and lower) temperatures result in poor durability compared to those 425 
anodes prepared at 550 °C.   426 
 427 
A future paper will report the fact that, with further modification of the precursor solutions, 428 
durability can be increased to more than 600 hours. 429 
 430 
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Peak 
/eV 
Relative 
intensity 
Sb2O5 
Assignment Peak 
/eV 
Assignment Typical 
relative 
intensity 
Ni/Sb-
SnO2 
3.62 1.00  
Sb 
3.48 Sn 1.00 
3.88 0.39 3.70 Sn+Sb 0.55 
4.11 0.12 3.93 Sn+Sb 0.20 
4.37 0.07 4.15 Sn+Sb 0.09 
   4.52 Ti  
 435 
Table 1 Assignments and relative peak intensities of the various features in the EDX spectra of 436 
Ni/Sb-SnO2 anodes 16.  437 
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Figure captions 573 
1.  The single pass (flow) system for generating ozone in the glass cell, see text for details. 574 
 575 
2.  Typical SEM images (x5000, bar = 5 µm) of two areas of a Ni/Sb-SnO2 coated Ti mesh (a) 576 
the intersection of two strands of the mesh, and (b) a strand.  (c) & (d) EDX spectra of the 577 
same regions of the electrode in figs. 2(a) and (b): (c) the intersection  and (d) the strand.  The 578 
coating solution employed to prepare the anode contained Sn, Sb and Ni in the mole ratio 93.3: 579 
6.0: 0.7, the 2.5 cm x 2.5 cm Ti mesh was dipcoated 18 times giving a catalyst loading of 2.5 580 
mg cm-2.  581 
 582 
3.  (a) Plot of catalyst loading vs number of dipcoats.  Each datapoint is the average of two 583 
anodes  prepared by the same method.  (b) Plots of (i) current density and (ii) current 584 
efficiency for the anodes in fig. 3(a).  Current densities were measured at a cell voltage of 585 
2.7V in single pass mode at an anolyte (1M HClO4) flow rate of 30 cm3 min-1 in the glass cell, 586 
and total current efficiencies were calculated from the current passed and the gas & dissolved 587 
ozone absorbances.  The coating solution contained Sn, Sb and Ni in the mole ratio 93.3: 6.0: 588 
0.7. 589 
 590 
4.  Plots of (i) total (gas+solution) current efficiency and (ii) cell voltage or current density for 591 
experiments carried out in the glass cell using single pass mode in 1M HClO4 at (a) constant 592 
current density and (b) constant cell voltage.  The anolyte flow rate was 60 cm3 min-1, and the 593 
anode was 10 coats, 1.44 mg cm-2, with a Sb:Ni composition of 6.0 at.%:0.7 at.%.   Each data 594 
point was measured once the system had reached steady state, typically ca. 15 minutes from 595 
the start of each experiment.  (c) Plots of current efficiency and power consumption (cell 596 
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voltage x current) for the experiments in (a) and (b): (i) & (iv) at constant cell voltage, (ii) & 597 
(iii) constant current density.    598 
 599 
5.  Plots of (a) current density and total current efficiency vs nickel concentration in the catalyst 600 
coating solution (at.%) for Ni/Sb-SnO2 anodes with 6 at.% Sb.  Each anode comprised 8 601 
dipcoats, 0.94 ± 0.10 mg cm-2, and each data point was the average of two distinct, ca. 15 602 
minute experiments using two anodes of identical composition in the glass cell at 2.7V using 603 
1M HClO4 as anolyte and catholyte in single pass mode measuring both gas and dissolved 604 
ozone.  Anolyte flow rate 30 cm3 min-1.  (b)  Current/voltage plots for the Ni/Sb-SnO2 anodes 605 
in (a) having (i) 0.35, (ii) 1.04 and (iii) 1.72 at. % Ni in the coating solution.  The cell voltage 606 
was stepped up from 2 to 3.0V and the current measured after ca. 1 minute for each step; the 607 
voltage was then stepped down from 3.0V and the measurements repeated. 608 
 609 
6.  Plots of (a) catalyst loading, (b) current density and (c) total current efficiency as a function of 610 
furnace temperature for Ni/Sb-SnO2 anodes having (i) 0.7 at.% and (ii) 1.4 at.% Ni, 8 coats.  611 
Each datapoint is the average of two experiments (15 minutes) using three anodes prepared in 612 
an identical manner.  The current densities and ozone efficiencies were measured at 2.7V in 613 
single pass mode using the glass cell and 1M HClO4 as anolyte and catholyte; anolyte flow 614 
rate 30 cm3 min-1.  615 
 616 
7.  Plots of (i) total current efficiency and (ii) cell voltage taken at intervals during a durability 617 
experiment in which an anode was electrolysed in a 250 cm3 beaker at 100 mA cm-2 in 1M 618 
HClO4 using a 5 cm x 5 cm Pt/Ti mesh as counter electrode.  The cell voltage was monitored 619 
throughout the electrolysis.  At intervals, the activity and selectivity of the anode were 620 
assessed in the glass cell in single pass mode at 100 mA cm-2 in 1M HClO4; the total current 621 
25 
 
efficiency was calculated from the gas and solution ozone absorbances at steady state (each 622 
experiment was run for ca. 15 – 20 minutes).  The anode was prepared from a coating solution 623 
containing 93.3 at.% Sn, 6.0 at.% Sb and 0.7 at.% Ni, 20 dipcoats to give a loading of 2.70 ± 624 
0.05 mg cm-2, furnace 550 ºC.  625 
 626 
8.  SEM image of the powder collected from the bottom of the cell after the durability study 627 
depicted in fig. 7.  Magnification x 250: bar = 100 µm. 628 
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Figure 4(c) 654 
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Figure 6(c)  664 
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